1.. PI3K/Akt/mTOR signaling pathway
===================================

### Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/protein kinase B (Akt) pathway

The PI3K/Akt pathway is an intracellular signaling pathway of great importance in the cell cycle process. It is associated with cellular quiescence, proliferation, cancer and longevity. PI3K activation phosphorylates and further activates Akt, which localizes to the cellular membrane ([@b1-mmr-19-02-0783]). Activated Akt fulfills various biological functions, including activating cAMP-response element binding protein ([@b2-mmr-19-02-0783]), inhibiting p27 ([@b3-mmr-19-02-0783]), localizing forkhead box protein O (FOXO) in the cytoplasm ([@b3-mmr-19-02-0783]), activating phosphatidylinositol 3-phosphate (PtdIns3 ps or PI3P) ([@b4-mmr-19-02-0783]) and activating mammalian target of rapamycin (mTOR) ([@b3-mmr-19-02-0783]). It has been identified that the PI3K/Akt pathway can be enhanced by several biological molecules, including epidermal growth factor (EGF) ([@b5-mmr-19-02-0783]), sonic hedgehog ([@b2-mmr-19-02-0783]), insulin-like growth factor (IGF)-1 ([@b2-mmr-19-02-0783]), insulin ([@b3-mmr-19-02-0783]) and calmodulin ([@b4-mmr-19-02-0783]). Conversely, this pathway is antagonized by other molecules, including phosphatase and tensin homolog (PTEN) ([@b6-mmr-19-02-0783]), glycogen synthase kinase 3β ([@b2-mmr-19-02-0783]) and transcription factor HB9 ([@b5-mmr-19-02-0783]).

### Structure and function of PI3Ks

The PI3Ks are a family of lipid kinases, which generate second messengers by specific catalytic 3-hydroxy phosphorylation of phosphatidylinositol (PI) ([@b7-mmr-19-02-0783]). The PI3K family is divided into three classes, I--III; these classes share four homologous regions, among which, the kinase domain is the most conserved.

The substrate for Class I PI3Ks includes PI, phosphatidylinositol 4-phosphate and phosphatidylinositol ([@b4-mmr-19-02-0783],[@b5-mmr-19-02-0783]) bisphosphate \[PI(4,5)P~2~\]. Class I PI3Ks are heterodimeric molecules composed of a regulatory and a catalytic subunit, which are further divided into IA and IB subsets. Class IA PI3Ks are composed of a heterodimer between a p110 catalytic subunit and a p85 regulatory subunit ([@b8-mmr-19-02-0783],[@b9-mmr-19-02-0783]). The p85 subunit consists of α, β and γ, which are encoded in mammals by PI3K regulatory subunit (PIK3R)1, PIK3R2 and PIK3R3, respectively. The p85 subunit serves different roles in receptor binding, enzyme activation and localization ([@b10-mmr-19-02-0783]). The p110 subunit consists of α, β and δ, which are encoded by PI3K catalytic subunit (PIK3C)A, PIK3CB and PIK3CD, respectively ([@b11-mmr-19-02-0783]). p110α and p110β mainly influence cellular proliferation and insulin signaling in various tissues, whereas p110δ is found only in leukocytes and is involved in immune function and inflammation ([@b12-mmr-19-02-0783]). Class IB PI3Ks consist of regulatory p101 and catalytic p110γ, and are encoded by a single gene each ([@b8-mmr-19-02-0783]). p110γ is mainly expressed in leukocytes, with reduced expression in the heart, pancreas, liver and skeletal muscle. It combines with the Gβγ subunit of the G protein-coupled receptor and activates PI3K ([@b13-mmr-19-02-0783]). The catalytic p110 subunit of Class IA PI3Ks consists of an N-terminal p85-binding domain (p110γ does not contain this domain), Ras binding domain, a proline-rich region \[which reacts with proteins containing the SRC Homology (SH)3 domain\], C-terminal homologous region (HR)3 (containing a basic leucine zipper-like domain bZIP), HR2 region (also termed PIK domain) and a C-terminal HR1 region (catalytic effect domain). HR3, HR2 and HR1 regions are PI3K HRs, which are responsible for membrane binding, substrate presentation and kinase domain, and catalytic inositol lipid 3-hydroxy-phosphorylated ([@b14-mmr-19-02-0783]). The p85 regulatory subunit of Class IA PI3Ks consists of an SH3 domain, RHO-binding domain/breakpoint cluster region homology region, C-terminal SH2 domain and a connecting region ([@b15-mmr-19-02-0783]).

Class II PI3Ks have monomeric catalytic isoforms, and contain α, β and γ subtypes. They contain a proline-rich region, Ras binding domain, HR3 region, HR2 region, HR1 region, PX domain and the C2 domain ([@b16-mmr-19-02-0783]). Class II PI3Ks catalyze the production of PI(3)P from PI and phosphatidylinositol ([@b3-mmr-19-02-0783],[@b4-mmr-19-02-0783])-bisphosphate \[PI(3,4)P~2~\] from phosphoinositide (PIP). However, little is currently known about the mechanism.

The sole member of Class III PI3K is Vps34, which is the human homolog of a yeast gene product. Vps34 is a heterodimer formed by a p150 regulatory subunit and a p100 myristoyl-flower catalytic subunit, which phosphorylates PI to PI(3)P. Human Class III PI3K is a threonine/serine kinase also named as Vps34, which is the only PI3-kinase expressed in all eukaryotic cells. It was first identified in a Saccharomyces cerevisiae (budding yeast) screen for proteins involved in vesicle-mediated vacuolar protein sorting. It is tightly bound to regulatory subunit p150 and its function is not only phosphorylation, but also the recruitment of catalytic subunits to the cell membrane ([@b17-mmr-19-02-0783]). Although PI(3)P is widespread, its level does not change when cells are stimulated. Therefore, Class III PI3K may be a housekeeping kinase that does not serve a role in signal transduction ([@b18-mmr-19-02-0783]).

### Akt

Akt (\~60 kDa) has 68% homology with protein kinase A (PKA) and 73% homology with protein kinase C (PKC); therefore, Akt is also termed PKA and PKC-associated kinase. PKB is a product of oncogene v-akt encoding the retrovirus Akt-8, which is also known as Akt ([@b19-mmr-19-02-0783]). Akt is a serine/threonine kinase, which is the central mediator of the PI3K pathway that serves a key role in numerous cellular processes, including glucose metabolism, apoptosis, cell proliferation, transcription and cell migration. There are three Akt subtypes: PKBα (Akt1), PKBβ (Akt2) and PKBγ (Akt3). Akt1 is widely expressed in several tissues, whereas Akt2 is mainly expressed in insulin-sensitive tissues, with a lower expression in other tissues. Akt3 is specific to the brain, lung, heart, kidney, testis and skeletal muscle ([@b20-mmr-19-02-0783]). The three Akt isoforms share homologous amino acid sequences, including the N-terminal regulatory region, kinase catalytic domain and C-terminal regulatory domain. The N-terminal regulatory region is also termed the Akt homology domains/pleckstrin homology domains (PHD) domain. The kinase catalytic domain is highly homologous to enzymatically active regions in PKA and PKC, and its Thr308 site is necessary for Akt activation. The Ser473 site of C-terminal regulatory domain is important for complete activation of Akt ([@b21-mmr-19-02-0783]).

### mTOR

mTOR-targeted proteins belong to the phosphatidylinositol 3-kinase-related kinase family, which are serine/threonine protein kinases. This family serves a key role in identifying nutrition signals, cell growth and proliferation. mTOR is composed of mTOR complex (mTORC)1 and mTORC2, which contain five domains: TOR1, focal adhesion kinase (FAT), FKBP-rapamycin-binding (FRB) domain, kinase domain, negative regulatory domain, and FRAP, ATM, TRRAP C-terminal (FATC) domain ([@b22-mmr-19-02-0783]). It has been confirmed that there is an amino acid residues kinase domain near the C-terminus of mTOR, which has a similar structure to the catalytic domain of PI3K. Upstream of the kinase domain is an FRB domain, which is the binding site of the FKBP12-rapamycin complex ([@b23-mmr-19-02-0783]). Upstream of the FRB kinase domain is the FAT domain, which lies in the C-terminal of mTOR. This is also termed the FATC domain and serves a key role in mTOR stability. Deletion of one amino acid within its structure can lead to loss of mTOR activity ([@b24-mmr-19-02-0783]). mTORC1, which comprises regulatory-associated protein of mTOR and mammalian ortholog of LST8 (mLST8), mainly regulates cell growth and energy metabolism, and is sensitive to rapamycin ([@b25-mmr-19-02-0783]--[@b28-mmr-19-02-0783]). mTORC2, which comprises rapamycin insensitive companion of mTOR, mitogen-activated protein kinase-associated protein 1 and mLST8, is mainly involved in cytoskeletal remodeling and cell survival, and is not sensitive to rapamycin ([@b29-mmr-19-02-0783],[@b30-mmr-19-02-0783]).

2.. Regulation of the PI3K/Akt signaling pathway
================================================

### PI3K activation

PI3KIA kinase is activated while the growth factor receptor such as insulin receptor is bound to the p85 regulatory subunit of the SH2 domain of PI3KIA kinase. PI3K is also activated by other members of the non-receptor tyrosine kinase Src family. It can be activated by thrombin through focal adhesion kinase (FAK), which interacts with the SH3 domain of p85 subunits. Phosphorylation of FAK itself promotes the interaction with the SH2 domain of p85 subunits. PI3K is also activated by small GTP enzyme Ras through interaction with p110α ([@b31-mmr-19-02-0783]). In general, PI3K is mainly activated directly and indirectly through the FAK pathway. It can be activated i) through receptor tyrosine protein kinase (RTK) dimerization, phosphorylation and interaction with the SH2 domain of p85 subunit by various growth factors, including platelet-derived growth factor (PDGF), IGF and EGF ([@b32-mmr-19-02-0783]--[@b34-mmr-19-02-0783]). ii) By RTK recruiting related proteins including Shc, Grb2 and Grb1 and Ras-related small molecules G proteins (Rho, Rac and Cdc42) ([@b35-mmr-19-02-0783]). iii) By non-receptor protein tyrosine kinases, including Janus kinase, integrin linked kinase, FAK, Fyn, Lck, Lyn and Src through p85/p110 ([@b36-mmr-19-02-0783]). iv) By the Gβγ subunit of G protein-coupled receptors ([@b37-mmr-19-02-0783]).

### Akt activation and PI3K/Akt negative regulation

PI(3,4,5)P~3~ has been identified as an Akt activator following the discovery of Akt. It serves an important role in the process of Akt activation. The head group of the lipid is directly attached to the N-end PH domain of Akt and is indirectly regulated through the PH domain of lysis protein kinase-3-phosphoinositide-dependent kinase 1 (PDK1). PI(3,4,5)P~3~ recruits Akt from the cytoplasm to the cell membrane, which causes Akt conformational alterations and ring-phosphorylation through a combination of the PH domain of PDK1 ([@b8-mmr-19-02-0783],[@b38-mmr-19-02-0783]). With the aid of PDK2, the Akt C hydrophobic terminal is phosphorylated and double-phosphorylated Akt separates from the membrane, thus resulting in the cellular reaction with the substrate including phosphoinositide-dependent kinase 2 (PDK2), integrin-linked kinase (ILK), mechanistic target of rapamycin complex (mTORC) and DNA-dependent protein kinase (DNA-PK). It has been confirmed that the PI3K/Akt pathway is activated by the following steps: i) PI(3,4,5)P3 generation, ii) Akt conformational alterations and iii) double-phosphorylation of Akt ([@b20-mmr-19-02-0783],[@b39-mmr-19-02-0783],[@b40-mmr-19-02-0783]). The PI3K/Akt signaling pathway regulates cell proliferation, migration, differentiation and apoptosis through activation or inhibition of downstream proteins ([@b40-mmr-19-02-0783]). Phosphatase and tensin homologue (PTEN) transform PI-3,4,5-P3 into PI-4,5-P2 ([@b41-mmr-19-02-0783]); therefore, Akt and the downstream signaling pathway is activated when PTEN activity is inhibited ([@b42-mmr-19-02-0783]). PIP3 expression levels are higher in various tissue and cells, such as hypothalamus and pancreatic beta cells in PTEN gene knockout mice compared with in wild-type mice ([@b43-mmr-19-02-0783],[@b44-mmr-19-02-0783]). In addition, carboxyl terminal modulator protein C can block the PI3K/Akt signaling pathway, acting as a negative regulator by inhibiting Akt phosphorylation ([@b45-mmr-19-02-0783]).

3.. PI3K/Akt signaling transduction pathway and HIF-1α
======================================================

### Hypoxia-inducible factor (HIF)-1 structure and regulation

### HIF-1 structure

HIF-1 is a heterodimer, which is composed of HIF-1α and HIF-1β (also known as the aryl hydrocarbon receptor nuclear transporter, ARNT) ([@b46-mmr-19-02-0783]). The HIF-1α and HIF-1β subunits (120 kDa and 91--94 kDa, respectively) belong to the basic helix-loop-helix (bHLH) protein family and contain the period circadian protein-ARNT-single-minded protein (PAS) domain ([@b47-mmr-19-02-0783]). The HIF-1α gene is located at the q21-24 region of human chromosome 14 and is regulated by hypoxic signaling. The HIF-1β gene is located at the q21 region of human chromosome 1 and is stably expressed ([@b48-mmr-19-02-0783],[@b49-mmr-19-02-0783]). The two subunits contain an N-terminal bHLH/PAS homologous region, which is essential for dimerization and binding of target genes. The middle of the HIF-1α subunit is an oxygen-dependent degradation domain (ODDD), which is rich in proline-serine-threonine. The C-terminal region contains two transactivation domains (TAD)-N and TAD-C and an inhibitory domain located between two TADs, which inhibits transcriptional activation of TAD ([@b50-mmr-19-02-0783]). HIF-1 serves its important role in the regulation of transcription only when the two subunits form a dimer ([@b51-mmr-19-02-0783]).

### HIF-1 regulation

HIF-1α maintains the balance between synthesis and decomposition under normoxic conditions. The stability and transcription of HIF-1α are significantly increased under hypoxia conditions. HIF-1α is regulated by two oxygen-dependent factors; factor-inhibiting HIF-1 and prolyl hydroxylase (PH).

Under normoxic conditions, HIF-1 transcription is inhibited by C-terminal transactivation domain through CBP/p300 ([@b52-mmr-19-02-0783]). However, under hypoxic conditions, the increase in HIF-1α expression induces transcription of downstream target genes ([@b53-mmr-19-02-0783],[@b54-mmr-19-02-0783]). Under normoxic conditions, HIF-1α is degraded by ubiquitin-proteasome, which is formed via prolyl hydroxylase and causes ubiquitination of the HIF-1α subunit ([@b55-mmr-19-02-0783],[@b56-mmr-19-02-0783]). Conversely, under hypoxic conditions, HIF-1α degradation is reduced by von Hippel-Lindau tumor suppressor ([@b57-mmr-19-02-0783]). HIF-1α combines with nuclear pore protein under the nuclear localization signal and enters the nucleus to form a dimer with HIF-1β. Subsequently, the dimer combines with CBP/p300 and initiates the transcription of HIF-1 target genes.

HIF-1α is regulated through the PI3K/Akt pathway, which is activated by growth factors including PDGF, IGF and EGF, transforming growth factor (TGF), tumor necrosis factor-α and interleukin-1β ([@b58-mmr-19-02-0783]). Expression of HIF-1α is enhanced when the PI3K/Akt pathway is activated through RTK.

Arrest-defective-1 (ARD1) acetylates the middle ODDD 532 lysine of the HIF-1α subunit. Since the mRNA and protein expression levels of ARD1 are reduced under hypoxic conditions, expression of HIF-1α increases due to decreased HIF-1α acetylation ([@b59-mmr-19-02-0783]). HIF-1α, as a phosphoric acid protein, can regulate the synthesis and degradation through the phosphoric process by itself. However, hypoxia-induced HIF-1α phosphorylation enhances HIF-1 transcriptional activity ([@b60-mmr-19-02-0783]).

### PI3K/Akt signaling pathway and HIF-1α under normoxic conditions

A number of factors such as growth factors and cytokines indirectly regulate HIF-1α stabilization under normoxic conditions. Growth factors and cytokines regulate the PI3K/Akt and mitogen-activated protein kinase (MAPK) signaling pathways. Phosphorylation of HIF-1α causes activation of its transcription by the extracellular signal-regulated kinase/MAPK pathway, whereas HIF-1α protein levels are regulated by PI3K/Akt.

Nitric oxide (NO) increases HIF-1α stability under normoxic whereas the opposite occurs under hypoxia ([@b61-mmr-19-02-0783]--[@b64-mmr-19-02-0783]). Co-culture of mouse astrocytes and endothelial cells demonstrated that vascular endothelial cells increase the stability of HIF-1α in astrocytes by producing endothelial NO synthase. It also increases the production of glucose transporter-1 (GLUT1), hexokinase-2, monocarboxylate transporter-4 and lactate ([@b65-mmr-19-02-0783]). HIF-1α is associated with the activation of cyclooxygenase-2 via the PI3K/Akt pathway in lung cancer cells ([@b66-mmr-19-02-0783]).

IGF-1 increases the expression of HIF-1α protein in UCT116 cells, whereas the inhibitor of PI3K, LY294002, inhibits induction of HIF-1α ([@b67-mmr-19-02-0783]). It is unclear whether the PI3K/Akt pathway induces HIF-1α expression or inhibits HIF-1α degradation under normoxic conditions. The study have demonstrated that in response to PI3K/Akt/mTOR induction in the normoxic environment, the synthesis of HIF-1α is increased, whereas its degradation is not inhibited ([@b68-mmr-19-02-0783]).

The PI3K inhibitors wortmannin and LY294002, or the mTOR inhibitor rapamycin, suppress expression of HIF-1α and transcription of HIF-1 target genes which are induced and activated by EGF and angiotensinII via the PI3K/Akt pathway ([@b69-mmr-19-02-0783],[@b70-mmr-19-02-0783]). Isakoff *et al* ([@b71-mmr-19-02-0783]) revealed that EGFR can combine with the p85 regulatory subunit of PI3K through its C-terminal amino acid sequence. EGF binding to EGFR can indirectly activate expression of HIF-1α protein via the PI3K/Akt pathway ([@b72-mmr-19-02-0783]).

### PI3K/Akt signaling pathway and HIF-1α under hypoxic conditions

The controversy over the association between the PI3K/Akt signaling pathway and HIF-1α may be associated with disease and cell type under hypoxic. Stability of HIF-1α is associated with the PI3K/Akt signaling pathway, and HIF-1α expression is reduced by PI3K inhibitors ([@b68-mmr-19-02-0783],[@b69-mmr-19-02-0783],[@b73-mmr-19-02-0783]--[@b78-mmr-19-02-0783]). Under hypoxia (8% O~2~), hepatocytes exhibit increased HIF-1α levels (\~6-fold), HIF-2α levels (\~5-fold) and HIF-3α levels (\~3-fold) compared with under normoxia. The insulin-dependent increase of the HIF 1α protein is mediated via PI3K, inasmuch as the PI3K inhibitor, wortmannin, eradicates the insulin-dependent enhancement of HIF-1α ([@b79-mmr-19-02-0783]). FOXO4 not only reduces HIF-1α protein expression in HeLa cells under hypoxia or deferoxamine-simulated chemical hypoxia via the PI3K/Akt pathway, but also downregulate the stability of HIF-1α which cannot be caused by hydroxylation of proline ([@b80-mmr-19-02-0783]). Blocking the PI3K/Akt/mTOR pathway inhibits serum-induced HIF-1, but not hypoxia-induced HIF-1 expression, hypoxia-inducible transcription gene activation of phosphoglycerate kinase (PGK) and GLUT1 ([@b81-mmr-19-02-0783]). It has also been suggested that hypoxia can not only activate the PI3K/Akt signaling pathway in HeLa cells but can also promote the expression of HIF-1α. However, it appears that hypoxia-induced HIF-1α precedes PI3K/Akt activation ([@b82-mmr-19-02-0783]). Nevertheless, hypoxia does not cause Akt phosphorylation in HEK293T, PC-3, COS-7, U373 and 3T3 cells. These data demonstrated that PI3K/Akt activity is only induced in response to hypoxia in certain cell types ([@b82-mmr-19-02-0783]).

4.. Hypoxia and erythropoiesis
==============================

Erythropoiesis is a complex and sophisticated process, which originates in hematopoietic stem cells (HSCs); during this process, HSCs sequentially form burst-forming units of erythroid (BFU-E), colony-forming units of erythroid (CFU-E), proerythroblast and erythroblast, finally resulting in the formation of mature erythrocytes in the bone marrow ([@b83-mmr-19-02-0783]--[@b85-mmr-19-02-0783]). The main regulatory mechanism underlying erythropoiesis includes external hematopoietic cytokines, hematopoietic cytokine receptors, transcription factors and signaling molecules ([Fig. 1](#f1-mmr-19-02-0783){ref-type="fig"}) ([@b86-mmr-19-02-0783]).

HIF-1 regulates numerous downstream genes, including angiogenesis genes \[vascular endothelial growth factor (VEGF) and endothelin 1\], erythropoiesis and energy metabolism genes (GLUT1, ALDOA, enolase 1, lactate dehydrogenase A, phosphofructokinase, liver type, PGK1 and HK), cell proliferation and differentiation genes (fibroblast growth factor, TGF and IGF), and apoptosis-associated genes (caspase-3 and cytochrome c) ([@b87-mmr-19-02-0783],[@b88-mmr-19-02-0783]). HIF-α is divided into three subtypes (HIF-1α, HIF-2α and HIF-3α), each with specific functions. HIF-1α is involved in the acute hypoxic response, whereas HIF-2α is associated with the response to chronic hypoxia ([@b89-mmr-19-02-0783]). Hematopoietic organs improve the oxygen-carrying capacity of the blood by increasing the number of red blood cells during oxygen plateau or strenuous exercise. This process is achieved via the erythropoietin (EPO) gene, which is mediated by HIF-α in the acute hypoxic response ([@b89-mmr-19-02-0783],[@b90-mmr-19-02-0783]). León-Velarde *et al* ([@b91-mmr-19-02-0783]) reported that EPO levels in the normal population at oxygen plateau and in patients with high altitude polycythemia (HAPC) were higher compared with in the normal population. However, no differences were observed between in normal population at oxygen plateau and patients with HAPC. The above findings indicate that EPO is an important regulatory factor of erythropoiesis in acute hypoxia but not in a chronic hypoxic environment.

Excess iron causes oxidative stress via the Fenton reaction and inhibits the interaction of HIF-2α with the EPO promoter in the kidneys of mice ([@b92-mmr-19-02-0783]), however, an antioxidant compound, such as tempol, can restore this process. It has also been demonstrated that iron supplementation reduces EPO gene expression via an oxidative stress-HIF-2α-dependent signaling pathway ([@b92-mmr-19-02-0783]). HIF prolyl hydroxylase enzyme inhibitors serve their roles by stabilizing the HIF complex and stimulating endogenous EPO production. They also improve iron mobilization to the bone marrow in patients with end-stage kidney disease ([@b93-mmr-19-02-0783]). Classically, erythrocytosis is classified as either primary, caused by intrinsic defects in erythroid progenitor cells in the presence of normal or low serum EPO levels, or secondary. The causes of primary erythrocytosis include mutations in the Janus kinase 2 (JAK2) and EPOR genes, which can lead to EPO-independent proliferation of erythroid precursors or hypersensitivity to EPO ([@b94-mmr-19-02-0783]). Secondary erythrocytosis is due to defects in the oxygen-sensing pathway, including mutations in the genes for HIF prolyl 4-hydroxylase 2 (HIF-P4H-2), HIF-2α, and von Hippel Lindau (VHL) protein, and impaired oxygen delivery or tissue hypoxia, all associated with the activation of the EPO pathway and elevated serum EPO levels ([@b95-mmr-19-02-0783],[@b96-mmr-19-02-0783]). Large-spectrum conditional inactivation of HIF-P4H-2 in mice leads to severe erythrocytosis ([@b97-mmr-19-02-0783]). HIF stabilization can thus mediate non-erythropoietin-driven splenic erythropoiesis via altered Notch signaling pathway ([@b97-mmr-19-02-0783]). Genes associated with hypoxic environments have been identified in Tibetan populations living at high altitude; these populations are adapted to the plateau environment, in order to protect from polycythemia. The encoded PHD2-specific EGLN1 haplotypes can reduce HIF accumulation under hypoxic conditions. The effects of the EGLN1 haplotype on hemoglobin at low altitude are age-dependent, whereas EPAS1 rs142764723 C/C alleles exist to maintain low levels of hemoglobin at high altitude ([@b98-mmr-19-02-0783]).

5.. PI3K/Akt signaling pathway and glycolysis
=============================================

Glycogen synthase kinase 3β (GSK-3) is an important downstream molecule regulated by Akt. It consists of Axis inhibition protein, β-catenin and adenomatous polyposis coli protein, and belongs to the serine/threonine protein kinase family. There are two subtypes: GSK-3α and GSK-3β, and 97% of amino acid sequences in the catalytic region of these two subtypes is homologous. They are both expressed widely in numerous cells and tissues, and possess similar biological properties. Previous studies have identified that GSK-3β can phosphorylate various endogenous substrates, including proteins associated with metabolism and transcription factors. GSK-3β serves an important role in cell growth, development, tumorigenesis and the regulation of glucose homeostasis ([@b99-mmr-19-02-0783]--[@b102-mmr-19-02-0783]). PI3K-dependent Akt is activated by insulin and growth factors that cause GSK-3β N terminal serine phosphorylation to inhibit GSK-3β activity. The decreased glycogen synthesis and increased accumulation of cyclin D1 result in cell cycle progression and proliferation ([@b103-mmr-19-02-0783]). HIF-1α can activate the expression of associated glycolytic enzymes ([@b87-mmr-19-02-0783],[@b88-mmr-19-02-0783]). HIF-1α is regulated by growth factors and cytokines via the PI3K/Akt/mTOR pathway and through this pathway HIF-1α can activate the expression of VEGF ([@b104-mmr-19-02-0783],[@b105-mmr-19-02-0783]). Furthermore, PI3K/Akt regulates fructose 2,6-bisphosphatase (PFKFB2) expression and strengthens glycolysis. The activity of PFKFB2 is regulated by phosphorylation of C-terminal Ser466 and Ser483 residues ([@b106-mmr-19-02-0783]--[@b109-mmr-19-02-0783]). By pretreating LNCaP cells with R1881 (methyltrienolone) for 72 h, followed by LY294002 PI3K inhibition, Moon *et al* ([@b110-mmr-19-02-0783]) revealed that phosphorylation of Ser466 and Ser483 was reduced and reversed by R1881. The association between glycolysis target genes regulated by HIF-1α and PI3K/Akt remains to be elucidated. HIF-1α is regulated by downstream mTOR of the PI3K/Akt signaling pathway ([@b111-mmr-19-02-0783]). A previous study suggested that HIF-1α regulates glycolysis via the PI3K/Akt pathway ([@b111-mmr-19-02-0783]). PI3K/Akt can regulate the reduction of glycogen synthesis and strengthen glycolysis. N-terminal serine phosphorylation of GSK-3β initiates cell cycle progression and proliferation by inhibiting GSK-3β activity and increasing the accumulation of cyclin D1. Therefore, reduction of glycogen synthesis and glycolysis may be a key point in cell proliferation regulation.

PDGF activates HIF-1α and c-Myc to reduce mitochondrial complex IV activity by activating the PI3K/Akt pathway *in vitro*. Furthermore, PDGF stimulation can reverse the decrease in glucose uptake and lactate production resulting from GLUT1 inhibitors in colon cancer cells ([@b112-mmr-19-02-0783]). These findings suggested that PDGF may lead to reduced mitochondrial activity and increased glycolysis ([@b112-mmr-19-02-0783]). Silencing cluster of differentiation 147 by specific small interfering RNA can downregulate GLUT1 levels by inhibiting PI3K/Akt signaling and decreasing glucose uptake in A375 cells ([@b113-mmr-19-02-0783]). Under hypoxic conditions, the expression of HIF-1α and associated glycolytic enzymes, including GLUT1, hexokinase II, phosphofructokinase 2 and lactate dehydrogenase A, are increased, and extracellular lactate concentration is increased in the esophageal carcinoma cell lines Eca109 and TE13. However, the use of the PI3K/Akt inhibitor Wortmannin can reverse the alterations in glycolytic enzymes and the secretion of lactic acid ([@b114-mmr-19-02-0783]). Primary exudative lymphoma (PEL) is a rare subtype of B-cell non-Hodgkin lymphoma, in which the dual PI3K and mTOR inhibitor PF-04691502 and Akt inhibitor (Akti-½) can reduce lactate production and extracellular acidification rate. PF-04691502 and Akti-½ can alter the metabolism of PEL cells from aerobic glycolysis towards oxidative respiration in combination with the glycolysis inhibitor 2-deoxyglucose ([@b115-mmr-19-02-0783]). Serum stimulation can induce a slight accumulation of HIF-1α protein in a PI3K/Akt pathway-dependent manner ([@b81-mmr-19-02-0783]). However, hypoxia induces much higher levels of HIF-1α protein and HIF-1 DNA binding activity independent of PI3K and mTOR activity. In addition, it has been identified that the effects of active Akt on HIF-1 activity are cell-type specific. High levels of Akt signaling can modestly increase HIF-1α protein, but not affect HIF-1 target gene expression ([@b81-mmr-19-02-0783]). Therefore, the PI3K/Akt pathway may not be necessary for hypoxic induction of HIF-1 subunits or activity, and constitutively active Akt is not sufficient to induce HIF-1 activity by itself ([@b81-mmr-19-02-0783]).

In cell glycolysis, l, 3-bisphosphoglycerate (BPG) catalyzed by PGK generates 3-phosphoglyceric acid. However, 1,3-BPG catalyzed by BPG mutase (BPGM) generates 2,3-BPG in the red blood cells. Under normal circumstances, the 2,3-BPG branch is only 19% of the glycolytic pathway ([@b116-mmr-19-02-0783]); however, 2,3-BPG accounts for 50% of the glycolytic pathway under hypoxic conditions. Benesch *et al* ([@b117-mmr-19-02-0783]) hypothesized and confirmed that 2,3-BPG and hemoglobin mainly regulate the affinity of hemoglobin and O~2~. The mRNA expression of BPGM is distributed mainly during development from bone marrow erythroid cells to mature erythrocytes. Low levels of BPGM mRNA can be detected in non-red blood cells, whereas the synthesis of 2,3-BPG only occurs in red blood cells ([@b118-mmr-19-02-0783]). The Creteil I mutation, which results in inactivation of BPGM, or the Creteil II mutation, which is a reading frame shift, results in the inability of cells to express BPGM correctly, which then leads to a low content of 2,3-BPG in human peripheral blood. As a result, the bone marrow produces more red blood cells to transport more O~2~ into tissues ([@b119-mmr-19-02-0783]). Nevertheless, it remains to be elucidated as to whether the PI3K/Akt signaling pathway regulates synthesis of BPGM ([Fig. 2](#f2-mmr-19-02-0783){ref-type="fig"}).

6.. Summary and perspective
===========================

The PI3K/Akt signaling pathway is involved in numerous biological processes including cell cycle, cell apoptosis, angiogenesis and glucose metabolism. The PI3K/Akt pathway is indispensable to cell proliferation and apoptosis, and serves an important role in the occurrence and development of tumors ([@b120-mmr-19-02-0783]). It has been confirmed that inhibition of PI3K/Akt can suppress tumor cell proliferation and induce apoptosis *in vitro* and *in vivo*. Certain inhibitors of PI3K/Akt have been applied in clinical trials ([@b121-mmr-19-02-0783]). The efficacy of PI3K inhibition can also derive from interfering with the ability of cancer cells to respond to stromal signals, as illustrated by the approved PI3Kδ inhibitor Idelalisib in B-cell malignancies ([@b121-mmr-19-02-0783]). Inhibition of the leukocyte-enriched PI3Kδ or PI3Kγ may unleash more potent antitumor T-cell responses by inhibiting regulatory T cells and immune-suppressive myeloid cells. In addition, tumor angiogenesis may be targeted by PI3K inhibitors to enhance cancer therapy. Chronic mountain sickness is characterized by erythrocytosis with or without pulmonary hypertension ([@b122-mmr-19-02-0783]). Whether the PI3K/Akt signaling pathway is involved in erythrocytosis and chronic hypoxia-induced glucose metabolism requires further study, in order to provide novel directions for the diagnosis or prevention of chronic mountain sickness. Inhibitors of the PI3K/Akt signaling pathway may prevent overproduction of red blood cells ([@b123-mmr-19-02-0783],[@b124-mmr-19-02-0783]).
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